Template-free supracolloidal self-assembly of atomically precise gold nanoclusters: From 2D colloidal crystals to spherical capsids Nonappa* [a] , Tanja Lahtinen [b] , Johannes. S. Haataja [a] , Hannu Häkkinen* [b] , and Olli Ikkala* In materials science there is a need for well-defined selfassembled structures bridging the length scales upon pursuing new functionalities. [1] This requires mastering the size and structural uniformities of the building blocks, as well as the complex interplay of competing interactions. [2] [3] [4] [5] In supramolecular chemistry of small molecules, atomically precise molecular structures and controlled supramolecular interactions are readily available, thus allowing detailed engineering of the molecular packings. For progressively larger structural units, achieving strictly defined sizes and interactions becomes more challenging. Polymers can lead to hierarchical self-assemblies, provided they involve sufficiently narrow molecular weights distributions. [2, 7] Whereas dendrimers and dendrons provide precision for structural control, [6] achieving a monodispersity of high polymers involves challenges. However, that monodispersity can lead to fundamentally different polymeric self-assembly has been directly shown. [8] In the next larger length scale, colloids have allowed superlattices, superparticles, colloidosomes, protein-like assemblies, patchy particles, directional colloids with "valence", and colloidal chains. [9] [10] [11] [12] [13] [14] [15] [16] [17] However, achieving strictly defined colloidal building blocks for self-assemblies is highly challenging. [18] That a monodispersity of colloidal units and the underlying controlled interactions could lead to novel assemblies, is exemplified by co-assemblies of icosahedral viruses with small gold nanoparticles, where the monodispersity and the interactions of the viral capsids control the colloidal crystalline packing. [19] The above considerations motivate to explore the potential self-assemblies using strictly monodisperse colloidal particles.
However, there are no reports on the self-assembly atomically precise synthetic nanoparticles into colloidal superstructures. This is surprising, as there has been significant progress in the synthesis and characterization of such gold and silver nanoclusters. [20, 21] Their internal structures have been characterized using X-ray cystallography, cryo-transmission electron microscopy (cryo-TEM), mass spectroscopy, as combined with molecular dynamics (MD) simulations. [22, 23] Therefore, they could be feasible building blocks to study colloidal self-assemblies. In particular, Au102-pMBA44 containing 102 Au-atoms and 44 pMBA-ligands was the first nanocluster whose solid state structure was solved in detail using X-ray crystallography. [22] Recent studies the NMR spectra for ligand layer of Au102-pMBA44 has been fully assigned in water using 2D NMR measurements. This study in combination with dynamical MD simulations confirmed that the ligand layer arrangement in solution state is similar to that of solid state structure. [24] We envisaged that Au102-pMBA44 ( Figure 1 ) with its peripheral carboxylic acid groups of pMBA, allowing hydrogen bonds between nanoclusters, provides a feasible starting point to investigate colloidal superstructures using atomically precise building blocks. When the carboxylic acids are in the acid form (protonated), Au102-pMBA44 is soluble in polar solvents such as methanol and dimethyl sulfoxide and insoluble in water. [25] However, upon deprotonating a fraction of carboxylic acids (>22) into sodium salts using aqueous sodium hydroxide, the nanoclusters become dispersible in water.
[25a] However, these partially deprotonated water-dispersible clusters tend to precipitate upon adding methanol. Further, the nanoclusters are methanol-soluble when the number of deprotonated carboxylic groups are between 0-7 and beyond that the clusters precipitate in methanol. Importantly for the present work, have shown that Au102-pMBA44 is not completely spherical, and that there exists patchiness of neutral carboxylic acid groups and the deprotonated negative carboxylate groups.
[25a] Depending on the solvent conditions, here we show that Au102-pMBA44 nanoclusters allow tunable colloidal self-assemblies to 2D nanosheets of monoparticle thickness and their curvature to closed shells (capsids).
The Au102-pMBA44 nanoclusters were synthesized from HAuCl4
. 3H2O under sodium borohydride reduction in the presence of p-mercaptobenzoic acid according to the reported procedure ( Figure 1a , see also Supporting Information).
[25b] The nanoclusters were purified and subsequently characterized using cryo-TEM and mass spectroscopy (Supporting Information, Figures S1&S2).
We first dispersed Au102-pMBA44 in water using aqueous sodium hydroxide (1.0 M), which results in partial deprotonation of carboxylic acids to salt form (Supporting Information). The surface negative charge was confirmed by the zeta (z) potential of -69 mV (Supporting Information, Figure S3 ). The TEM micrographs shows well separated aq. individual nanoclusters (Figure 1f) . To trigger hydrogen bondings between the Au102-pMBA44 nanoclusters based on pMBA-mediated carboxylic acid dimerizations, the above aqueous dispersions were dialysed against methanol for 12 hours (Supporting Information). TEM micrographs revealed facetted sheet-like structures (Figure 2a shows 3 stacked layers, see also Supporting Information, Figure  S4 ). At the edges, monolayer sheets with hexagonal internal packings are observed with a repeat unit distance of 2.7 nm and periodicity of 2.3 nm. This matches with the sizes of individual Au102-pMBA44 nanoclusters. Therefore, 2D colloidal crystallization of Au102-pMBA44 nanoclusters to facetted nanosheets of one nanoparticle thickness can be concluded. Unlike the previously reported layered self-assemblies of nanoparticles templated on a substrate upon solvent casting, the present nanosheets form spontaneously without any template. Due to the extended lateral sizes, the sheets have a tendency to stack into layers. This can be promoted by continuing the methanol dialysis (Figures 3a,b , Supporting information Figures  S5-S7 ).
That monolayer 2D colloidal crystal sheets are formed spontaneously in template-free manner is subtle and calls for explanations. The facetted outer rims also support near perfect hexagonal closed packing (hcp) order, facilitated by the monodispersity. That 2D-structures are formed is explained by the ligand arrangement, as the Au102-pMBA44 nanoclusters are not exactly spherical. Figure 1b depicts the resolved internal structure, showing the positions of individual atoms using X-ray diffraction. The directions of carboxylic acids are illustrated by arrows (Figure 1c) . The figure gives a qualitative hint that the directions are not distributed equally over the sphere, i.e. there is patchiness, as reported for solid state structure. [22] More quantitavely, Figure 1d shows that it is possible to select a polar coordinate system for a Au102-pMBA44 nanocluster so that the pMBA-based carboxylic acids are prominently directed to the equatorial plane, with only few ones pointing toward the polar directions, thus breaking the spherical symmetry. Within the azimuthal angles, there is approximately constant density. This suggests that there is an equatorial belt of hydrogen bonding carboxylic acids, towards nanocluster packing as 2D assemblies.
Hcp is natural to expect due to enthalpic reasons to maximize the hydrogen bondings within the planes. As the Au102-pMBA44 nanoclusters involve less carboxylic acid hydrogen bonding directionality towards the poles than towards the equatorial plane (see schematically Figure 1e ), some amphiphilic character could be anticipated. One could ask whether closed vesicular structures could be obtained. Indeed, upon adding 10 µL of 0.5 mg/mL nanocluster dispersion into 500 µL of methanol furnished spherical superstructures, with an average diameter of 200 nm as revealed by cryo-TEM (Figure 4a ). The presence of spherical superstructures in solution was confirmed using dynamic light scattering, which showed an average size of 220 nm (Supporting Information, Figure S9 ). The conventional TEM represents the 2D projections with limited information on the 3D structural details. Therefore, we collected the tilt series between +69 o to -69 o with an increment of 2 o between the images (Supporting Information).
The alignment using fiducial gold markers followed by 3D-dimensional reconstruction confirmed the spherical nature of superstructures ( Figure 4b , Video S1). More detailed analysis of the electron tomograms revealed a uniform shell of a monolayer thickness (Figure 4c ), even if the exact positions of the nanoclusters cannot be resolved. Because of the monodispersity of building blocks, we refer these spherical superstructures as capsids, in analogy to virus capsids (which also are composed of monodisperse subunits). That the shell is of monolayer thickness becomes of no surprise based on the above detailed studies of the 2D planar sheets. Finally, the pMBA-based hydrogen bonds manifest as possibility to join different capsids. Figure 5 shows higher order assemblies of 2 or 3 capsids as mediated by partial fusion. This paves ways for higher order manipulation of the hollow capsids, for example for lightweight framework materials. In conclusion, by using aqueous Au102-pMBA44 as a model nanocluster system, we have shown that strictly monodisperse and atomically precise gold nanoclusters are potential building blocks for template-free 2D nanosheets and closed spherical capsids as promoted by the inherent and spontaneous nonspherical arrangement of the hydrogen bonding pMBAligands promoting planar packing.
Such a colloidal selfassembly is tuned by controlling the protonation/deprotonation balance of the carboxylic acids, where the protonated form facilitates intercluster hydrogen bonds and the deprotonated carboxylate salt form promotes water dispersibility. The concept can be useful to prepare novel 2D materials with additional properties such as plasmonic functionalities, novel mechanical properties and even flexibility by introducing dynamic supramolecular or covalent intercluster bondings, or controlled stacking to 3D crystals. With increasing knowledge on the synthesis of well-defined nanoclusters, we believe that the present work will encourage both nanocluster and colloidal community to investigate new clusters as colloidal building blocks. We suggest that the present findings are, in fact, more general, as it may turn out that several types of strictly monodisperse nanoclusters turn out not to be fully spherically symmetric and this broken symmetry can be used for benefit to construct higher order colloidal assemblies.
